Background: Late-onset Pompe disease (LOPD) is a metabolic myopathy caused by mutations in GAA and characterized by proximal muscle weakness and respiratory insufficiency. There is evidence from clinical studies that enzyme replacement therapy (ERT) with human recombinant alpha-glucosidase improves motor performance and respiratory function in LOPD. Objective: We analyzed quantitative muscle MRI data of lower limbs to evaluate the effects of long-term ERT on muscle parameters. Methods: Three symptomatic LOPD patients who received ERT for five years and four untreated presymptomatic LOPD patients were included in the study. T1-weighted MRI images were used to determine volumes of thigh and lower leg muscles. In addition, mean gray values of eight individual thigh muscles were calculated to assess the degree of lipomatous muscle alterations. Results: We detected a decrease in thigh muscle volume of 6.7% (p b 0.001) and an increase in lower leg muscle volume of 8.2% (p = 0.049) after five years of ERT. Analysis of individual thigh muscles revealed a positive correlation between the degree of lipomatous muscle alterations at baseline and the increase of gray values after five years of ERT (R 2 = 0.68, p b 0.001). Muscle imaging in presymptomatic patients showed in one case pronounced lipomatous alteration of the adductor magnus muscle and mild to moderate changes in further thigh muscles.
Introduction
Pompe disease (OMIM #232300), also known as glycogen storage disease type 2 or acid maltase deficiency, is a rare autosomal recessive disorder caused by mutations in GAA that lead to a deficiency of lysosomal acid alpha-glucosidase [1] . In late-onset Pompe disease (LOPD), skeletal muscle is the most affected tissue. The clinical phenotype of LOPD is characterized by slowly progressive proximal muscle weakness involving axial and respiratory muscles that is associated with significant morbidity and reduced life expectancy [2] [3] [4] [5] [6] [7] . Since 2006, an enzyme replacement therapy (ERT) with human recombinant alpha-glucosidase (rhGAA) is available for the treatment of Pompe disease (alglucosidase alfa, Myozyme®, Lumizyme®, Genzyme Corporation, a Sanofi company, Cambridge MA, USA). Clinical studies showed that motor performance, respiratory function and fatigue improved or stabilized in at least two-thirds of LOPD patients who received ERT over 6-36 months [8] [9] [10] [11] [12] [13] [14] [15] . The functional outcome seems to be best when ERT starts timely, i.e. at an early clinical stage of LOPD [12, 16] . This, by implication, suggests that disease progression has an influence on the efficacy of ERT.
An important feature of disease progression in LOPD and many other inherited myopathies is the replacement of muscle fibers by fat cells and connective tissue. This fatty alteration can be detected by magnetic resonance imaging (MRI) because it provides a high soft tissue contrast that allows a noninvasive assessment of striated muscles regarding shape, volume and tissue architecture [17] . Previous MRI studies in LOPD [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] revealed changes in quantitative muscle MRI parameters with ERT treatment for between six and 24 months [24, 26] . Here we present quantitative muscle MRI data, including assessment of lipomatous alterations in individual thigh muscles, from three LOPD patients who received ERT over a time period of five years and from four untreated presymptomatic patients. The main aim was to investigate if the response to ERT regarding prevention of progressive fatty muscle degeneration depends on the degree of pre-existing alterations.
Materials and methods

Patients
Muscle MRI data from seven LOPD patients (diagnosis confirmed by detection of GAA deficiency and genetic analysis) were evaluated with approval of the ethics committee of the Ruhr-University Bochum. Three patients (IDs 1-3, see Table 1 for details) received an i.v. ERT with rhGAA derived from Chinese hamster ovary cells (Myozyme®, Genzyme) in a dosage of 20 mg/kg body weight every other week for at least five years. Four untreated patients were clinically presymptomatic (IDs 4-7 in Table 1 ). They presented with an elevated serum creatine kinase level but had a normal forced vital capacity and normal muscle strength in manual muscle testing.
Muscle imaging
Muscle MRI was performed on a 1.5 Tesla scanner with a four channel phased-array coil (Magnetom Symphony Quantum, Siemens Healthcare). Twelve axial slices were obtained through the thighs and lower legs using the following scanning parameters: T1-weighted spin-echo sequence, TR/TE of 500/20 ms, slice thickness of 10 mm, interslice gap of 150%, matrix of 512 × 512, two signal averages, and examination time of 2 min and 44 s. Symptomatic patients (ID 1-3) were examined twice at an interval of five years.
T1-weighted MRI images were used to determine muscle volumes and lipomatous muscle alterations. Slices of examinations at baseline and after five years of ERT were matched by three experienced investigators blinded to the patients' data to ensure that the same segments of thighs and lower legs were included in the analysis. Final measurements were performed by one investigator to prevent bias due to interobserver variability. Total volumes of skeletal muscles in eight consecutive axial slices through the thighs and in eight consecutive axial slices through the lower legs were measured using cellSens Dimension software, version 1.8 (Olympus Corporation, Muenster, Germany). The same slices were used for the assessment of lipomatous alterations of individual thigh muscles (quadriceps femoris, sartorius, gracilis, adductor longus, adductor magnus, biceps femoris, semitendinosus and semimembranosus) by calculating the mean gray values in muscle areas (11-bit grayscale, 2048 tones) with IMPAX software, Version 6.3.1.8000 (AGFA HealthCare N.V., Belgium). On T1-weighted images, the signal intensity of skeletal muscle tissue is much lower than that of fat tissue. The gray value of pixels is a unit-free parameter that depends on the brightness (black = 0, white = 2047). In our MRI setting, healthy muscle tissue has a mean gray value of about 230 and fat tissue a mean value of about 950. An increase of mean gray values of muscle tissue correlates with an increase of fatty replacement. A two-tailed paired t-test (equal variances assumed) at a significance alpha level of 0.05 was used for statistical analysis of differences between baseline and follow-up measurements. The correlation between mean gray values at baseline (of the eight individual thigh muscles in each patient) and changes of these gray values after ERT was assessed using Pearson's correlation coefficient. 
Muscle alterations at baseline in symptomatic patients
The pattern of muscle involvement with regard to lipomatous alterations was similar in all symptomatic LOPD patients (IDs 1-3) . The semimembranosus, adductor magnus, biceps femoris and semitendinosus were the most affected muscles (Figs. 1 and 2 ). The adductor longus was moderately involved and the gracilis, sartorius and quadriceps femoris showed only slight lipomatous alterations. Lower leg muscles were spared (ID 1) or only mildly involved (IDs 2 and 3).
Changes after five years of ERT treatment
The volume of thigh muscles significantly decreased by 6.7% and that of lower leg muscles significantly increased by 8.2% compared to baseline measurements (Table 2) . A slight decrease in total lower limb muscle mass (−0.6%) was not statistically significant. Changes in mean gray values of selected thigh muscles were highly variable and we detected a significant positive correlation (R 2 = 0.68, p b 0.001) between the mean gray values of individual muscles at baseline examination and the increase of these gray values after five years of ERT treatment (i.e. gray value after ERT minus gray value at baseline; Fig. 3 ). Muscles with mean gray values between 230 and 360 showed only slight changes whereas more affected muscles (mean gray values at baseline between 430 and 750) presented with a higher increase in mean gray values indicating a progression of lipomatous alterations. One value (of semimembranosus in Patient 2) was excluded from correlation analysis as the gray value at baseline was already in the range of fat tissue.
Muscle imaging in presymptomatic patients
MRI in clinically asymptomatic Patients 5-7 showed no lipomatous muscle alterations (not shown). In contrast, muscle imaging in Patient 4 revealed an unexpected severe involvement of the adductor magnus muscle (mean gray value of 666). The vastus intermedius, adductor longus, semimembranosus and biceps femoris muscles showed mild to moderate lipomatous alterations. Lower leg muscles were not affected in this patient (Fig. 4) .
Discussion
The deficiency of alpha-glucosidase in patients with Pompe disease leads to progressive muscle weakness associated with fatty muscle degeneration. It has been shown that ERT with rhGAA has a positive effect on clinical parameters including the 6-minute walk test, quantitative muscle testing and pulmonary function [8, [11] [12] [13] 29] . Most of the patients included in these studies were treated with ERT for six up to 36 months. Here we present for the first time muscle imaging data of LOPD patients who received long-term rhGAA treatment over a time period of five years.
MRI is a sensitive tool to detect lipomatous muscle alterations and to calculate muscle volumes in myopathies. Previous MRI studies in LOPD mainly focused on the pattern and degree of muscle involvement [18, 19, 21, 22, 30] . The findings in lower limb muscles in our three symptomatic LOPD patients were in accordance with results of these studies as we also detected fatty infiltration, particularly in the semimembranosus, semitendinosus, adductor magnus and biceps femoris muscles. This underlines that there is a typical pattern of muscle involvement in Pompe disease that differs from other myopathies [17] and may be helpful in differential diagnosis.
The primary aim of our study was to evaluate the effects of longterm ERT on quantitative MRI parameters. In addition to the measurement of muscle volumes in segments of upper and lower legs, we calculated the mean gray values of eight individual thigh muscles at baseline and after five years of ERT. These values correlate with the degree of lipomatous muscle alterations with higher values indicating more fatty degeneration. An advantage of using mean gray values compared to other approaches to assess intramuscular fat is that there is no need to set cut-off values, i.e. all pixels can be considered for analysis including those with a signal intensity between those defined for muscle and fat tissue. Limitations of our approach are that the percentage of intramuscular fat cannot be determined and that the interslice gap affects quantitative MR analysis. In addition, other MRI methods like proton-density weighted imaging, e.g. using the 3-point-Dixon technique, are nowadays established to separate fat and muscle tissue [31] [32] [33] . However, guidelines for skeletal muscle studies in neuromuscular diseases, including recommendations for MRI protocols, have been published after we already started our study [34] . We did not analyze gray values of lower leg muscles in detail because visual inspection revealed that these muscles were either not or only mildly affected in our LOPD patients. This is consistent with a previous MRI study which showed an involvement of the lower legs only at a very late disease stage [19] .
We found only a slight and non-significant decrease in total lower limb muscle volume of less than 1% after five years of ERT. However, when we compared upper and lower leg muscles significant differences were detected between both regions. The more involved thigh muscles showed a significant decrease in muscle volume of about 7% whereas the muscle volume of spared or only mildly affected lower limb muscles increased significantly by about 8%. These findings suggest differences in the response to ERT treatment but the interpretation of our data, especially regarding the estimation of a treatment effect, is limited by the small number of patients and by the missing control group of LOPD patients without ERT. The latter has been an intrinsic problem in quite a few recently performed LOPD studies because nearly all symptomatic Pompe patients now receive rhGAA and because a placebo control cannot be justified due to ethical reasons. Thus, we were restricted to compare our findings with published data.
Pichiecchio et al. performed a quantitative muscle MRI study in four untreated LOPD patients. Follow-up measurements after five years, the same time period used in our study, revealed a markedly higher loss of muscle mass, as compared to our study, with an 18.5% decrease in lower limb muscle volume which was mainly caused by an atrophy of thigh muscles (see Table 2 ) [24] . The same group reported a 5.7% increase in lower limb muscle volume following 6 months of ERT and a 2.5% increase after 18 to 24 months of ERT in nine LOPD patients [24, 26] . The percentage of intramuscular fat increased by more than 8% in the untreated [24] and by about 3% in the ERT treated patients [24, 26] . The best therapeutic response was observed at the relatively spared anterior thigh level while intramuscular fat accumulation significantly progressed in spite of ERT, particularly in more compromised posterior thigh muscles [24] . Our systematic analysis of individual thigh muscles confirms and extends the aforementioned findings. We found a significant correlation between the degree of muscle alterations at baseline and the changes detected after five years of ERT. Thigh muscles that were not or only mildly affected at baseline showed only a slight or even no increase of mean gray values. This cannot be simply explained by the natural disease course with these muscles being spared, because this also pertained to the M. quadriceps, a muscle that typically shows a progression of lipomatous alterations early in the disease [19] . In contrast, thigh muscles that were more affected at baseline also showed a higher increase in gray values after five years of ERT. Taken together, the results of our study suggest that mildly affected muscles respond better to ERT than severely affected muscles. This is in accordance with findings from clinical studies indicating that the functional outcome is most likely best when ERT is started at an early stage of the disease [16, 35] . The reasons have not yet been elucidated but a relevant factor may be the increasing impairment of autophagy in skeletal muscle fibers of LOPD patients during disease progression [36, 37] , as it has been recently shown that the compromised autophagic flux does not only play an essential role in the pathogenesis of Pompe disease but also seems to impair the efficacy of ERT [36] [37] [38] .
Muscle MRI in our four presymptomatic LOPD patients revealed in one case an unexpected pronounced fatty degeneration of the adductor magnus muscle and mild to moderate lipomatous alterations in further thigh muscles. Considering the MRI findings in symptomatic LOPD patients, it may be possible that the efficacy of ERT would already be affected in these muscles with the risk of a further worsening before clinical manifestation of muscle weakness. This raises an important question: Would it be indicated to start ERT in this patient to improve the long-term outcome? Current guidelines recommend that ERT should only be started in symptomatic LOPD patients [39] . Presymptomatic patients without objective signs of muscle weakness should not be treated but examined every 6 months for proximal weakness and pulmonary function [39] . The number of patients investigated in our study is too small to make general conclusions but if the results can be validated by further studies, it should be discussed if lipomatous muscle alterations detected by MRI may be accepted as an objective sign of disease manifestation justifying an early start of ERT in LOPD.
In conclusion, MRI in our symptomatic LOPD patients showed a typical pattern of muscle involvement in lower limbs. Quantitative assessment of muscle volumes and lipomatous muscle alterations indicates that patients benefit from long-term ERT but also suggests that the efficacy of this treatment is affected by the pre-existing muscle involvement. Muscle imaging in presymptomatic patients revealed that fatty muscle degeneration can occur before clinical manifestation of weakness. Provided that the results of our study can be verified by further studies, they may have consequences for the management of presymptomatic LOPD patients in the future.
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